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ABSTRACT
Purpose: In recent years a sub-group of minimalist runners have emerged who aim to perform
physical exercise more naturally in an attempt to reduce running-related injuries. Here we aimed
to determine the effect that running with minimalist footwear in a prolonged run has on foot-
impact accelerations.Method: Seventeen runners ran with minimalist and conventional shoes (MS
and CS, respectively) in two separate sessions; the participants had experience with both footwear
types. We measured the length and frequency of each stride, as well as the tibial and head impact
acceleration every 5 minutes during a prolonged run (30 minutes at 80% of each individual’s
maximum aerobic speed). Results: There were significant differences in the acceleration rate in
the tibia (CS: 516.1 ± 238.47 G/s and MS: 786.6 ± 238.45 G/s; p = .009) and head (CS:
73.3 ± 23.65 G/s and MS: 120.7 ± 44.13 G/s; p = .000). Our data indicate that the type of footwear
increased the stride frequency and decreased length and that the impact acceleration is increased
with MS compared to CS (p < .05 in both cases). However, the effect of prolonged run was not
significantly different between CS and MS (p < .05). Conclusions: The peak tibia acceleration and
headtibia acceleration rate indicate that the use of MS may be related to a higher risk of injury.
These differences remained independently of the runners’ fatigue state.
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Running results in repeated foot-ground impacts
(Lieberman et al., 2010) as a result of rapid leg decelera-
tion after the initial contact with the ground. These
impact accelerations are transferred through the body to
the head via the different segments of the musculoskeletal
system, and can affect the lower extremities or cause
overload injuries (Abt et al., 2011; Milner, Ferber,
Pollard, Hamill, & Davis, 2006). Several mechanisms can
affect these impacts acceleration while running, including
fatigue, the initial ground foot-strike pattern, and foot-
wear type used (Lucas-Cuevas, Priego Quesada, et al.,
2016).
The foot strike impact is higher among runners with
rearfoot (RF) patterns which can result in increased soft-
tissue vibration, and this effect is likely magnified when
the person is fatigued (Friesenbichler, Stirling, Federolf, &
Nigg, 2011). When the initial foot-strike contact with the
ground is made via the midfoot (MF) or forefoot (FF), the
knee and hips are in a more flexed position which results
in a reduced impact peak with respect to RF strikers
(Daoud et al., 2012; De Wit, De Clercq, & Aerts, 2000;
Gruber, Boyer, Derrick, & Hamill, 2014; Lieberman et al.,
2015), and this likely reduces the risk of suffering overload
injuries (Chan et al., 2018). However, Chan et al (Chan
et al., 2018) showed that after a program aimed to change
gait pattern in runners, impact loading decreased as also
did the frequency of running injuries.
Several authors have published data regarding the
effects of fatigue on acceleration parameters, however,
the results remain inconclusive. Some studies postulate
that in order to maintain stable head acceleration while
fatigued, the impacts acceleration and attenuation at the
tibial level are increased (Derrick, Dereu, & McLean,
2002; García-Pérez, Pérez-Soriano, Llana Belloch, Lucas-
Cuevas, & Sánchez-Zuriaga, 2014; Mizrahi, Verbitsky,
Isakov, & Daily, 2000). In contrast, other authors have
not observed any differences in acceleration variables in
relation to fatigue (Abt et al., 2011; Clansey, Hanlon,
Wallace, & Lake, 2012; Giandolini et al., 2016; Mercer,
Vance, Hreljac, & Hamill, 2002). The type of footwear
used while running also influences impact acceleration.
A few years ago, some runners started running with
minimalist shoes with the aim of reducing injuries.
Unlike conventional footwear, minimalist shoes are
a very flexible and lighter shoe without damping and
motion control elements. This shoe facilitated a foot strike
change, with more plantarflexed foot, and although cer-
tain studies postulate that running barefoot or wearing
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minimalist shoes (MS) decreases impact forces (Hatala,
Dingwall, Wunderlich, & Richmond, 2013; Lieberman
et al., 2010; Squadrone & Gallozzi, 2009), very few have
compared the impacts acceleration between runners
wearing conventional shoes (CS) with respect to those
running barefoot or with MS. Moreover, even fewer stu-
dies have considered the effect of fatigue on these accel-
eration variables while running. Another difference
between MS and CS is their effect on stride spatiotem-
poral variables. A decreased stride length and an
increased stride frequency when using MS is reported by
several authors (Bonacci et al., 2013; De Wit et al., 2000;
Divert, Mornieux, Baur,Mayer, & Belli, 2005; Divert et al.,
2008; McCallion, Donne, Fleming, & Blanksby, 2014;
Squadrone, Rodano, Hamill, & Preatoni, 2015)
The aim of this present study was to determine the
effects that the use of MS or CS footwear have on
spatiotemporal stride parameters and impact accel-
eration variables during sustained periods of running.
Our main hypothesis was that, even when controlling
for the FF, MF, or RF running initial foot-strike
pattern, the mean foot strike magnitude would be
lower among participants running in CS compared
to those using MS. We also hypothesized that sus-
tained running duration would increase the mean




Seventeen experienced male recreational runners (3 RF, 10
MF, and 4 FF-strikers, respectively) who also had experi-
ence in minimalist running, voluntarily participated in this
study; their mean age was 37.94 ± 9.64 years, their average
height was 1.77 ± 0.07m, andmean weight 73.87 ± 8.97 kg.
The following inclusion criteria for participation in the
study were used: male and aged over 18 years; long-
distance runner with a self-reported ability to sustain
weekly training sessions of a minimum distance of 20 km;
at least one years’ experience in minimalist running; no
injuries in the 6months prior to the study. Thenature of the
study was explained to all the volunteers and they all signed
their informed consent to their participation. The study
met the conditions set out in the Declaration of Helsinki
andwas approved by the ethics committee at theUniversity
of Valencia (reference number: H1412433550236).
Experimental design
We used a within-subject repeated-measures design and
carried out three sessions, each at least one week apart
from each other, in which the participants warmed-up ad
libitum (or for at least 10 minutes) prior to commencing.
All measures were taken in a 400m track and field where
a pressure platform (S-Plate, Medicapteurs©, Balma,
France) was placed in order to check that foot-strike
pattern remained unchanged. The first assessment of
foot-strike pattern of each runner was performed during
the warm-up phase according to the protocol described
by Nunns et al. (Nunns, House, Fallowfield, Allsopp, &
Dixon, 2013). All the data were collected with the runners
using an outdoor tartan track surface. The volunteers
were asked not to participate in any competitive activities
or exhaustive physical activity in the 48 hours prior to
each session, and the sessions were not performed in
extreme temperature, wind, or rain conditions.
In the first session we performed a 5-minute test
which was used to calculate the maximal aerobic velo-
city of each runner (Lucas-Cuevas et al., 2015). In the
following two sessions the participants ran for 30 min-
utes at 80% of their individual maximal aerobic velocity
(García-Pérez et al., 2014), once wearing MS and the
other using CS (in a random order); participants used
their own MS and CS The only inclusion-criteria char-
acteristic for the footwear was that the MS had a 0 mm
drop and a sole of less than 4 mm and the CS (the last
conventional running shoe that the participant had
used for training before transitioning to MS) were
neutral and had a drop of at least 8 mm. The accelera-
tion peak of each of these two sessions was measured
for 10 seconds during minutes 5, 10, 15, 20, 25, and 30
(T5–30, respectively).
Instruments and instrumental methodology
In every session, the instrumental protocol was supervised
by the same person and the equipment used was always
the same. To register the acceleration peaks, two triaxial
accelerometers (MEMS MPU-60X0, BlauTic©, Valencia,
Spain), which weighed 2.5 g and measured
40 mm × 22 mm × 12 mm, were used; their sampling
rate and power were 420 Hz and 500 μA, respectively.
One of the accelerometers was placed on the proximal
anteromedial zone of the tibia of the dominant leg (25% of
the distance between the medial malleolus and the tibial
plateau) along the longitudinal axis of the bone (Lucas-
Cuevas, Encarnación-Martínez, Camacho-García, Llana-
Belloch, & Pérez-Soriano, 2016). The other accelerometer
was placed on the central area of the forehead. Once fixed,
the accelerometers were connected by a cable to
a transmitter (UL 94 HB, BlauTic©, Valencia, Spain),
measuring 65 mm × 105 mm × 19 mm, which was placed
on the participant’s waist with an elastic belt. The trans-
mitter was connected by Bluetooth 4.0 to a tablet device
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on which the Accel System© (BlauTic©, Valencia, Spain)
application had been installed in order to record the data.
Data processing and statistical analysis
Data obtained from the accelerometers were ana-
lyzed using Matlab software, version 7.4 (The Math
Works Inc., Natick, MA, USA). These acceleration
data were filtered using 8-order low-pass digital
Chebyshev type-II filter, applying a stop-band edge
frequency of 120 Hz and a stop-band ripple of
40 dB; we considered the vertical signal components
only, and the stride duration (signal period) was
calculated by locating the moment of maximum
autocorrelation. The stride parameters (stride fre-
quency and length) and foot-strike acceleration
parameters (head and tibia peak-acceleration [max-
imum amplitude] and magnitude [the difference
between the positive and the negative peak-
acceleration], acceleration rate [slope from ground
contact to peak acceleration], and attenuation
[reduction in foot-strike acceleration from the tibia
to the head]) were analyzed based on the accelera-
tion signal data (Lucas-Cuevas et al., 2015).
Statistical analysis was performed using IBM® SPSS®
Statistics (SPSS®-IBM® Corporation, New York, USA)
software, version 22.0. The data were checked for nor-
mality (Kolmogorov–Smirnov test), homoscedasticity
(Levene test), and sphericity (Mauchly test) and then
a repeated-measures ANOVA was performed using
within-subject factors, shoe type (MS or CS), and the
six exercise time-points (minutes 5, 10, 15, 20, 25, and
30) to analyze fatigue. Finally, Bonferroni post-hoc
analysis was used to assess any significant changes
between the groups. The data presented here are the
mean, standard deviation, and 95% confidence intervals
(95% CIs); data were considered statistically significant
when p < .05 and the effect size exceeded 0.4 for
ANOVA (ESF) or, for pair-wise comparison (ESD),
was greater than 0.8.
Results
The ground foot-strike pattern did not change in any of
the participants when they switched between CS or MS,
however, there were significant differences in the spatio-
temporal variables (stride length and stride frequency;
Figure 1). Considering the effect size, when wearing MS,
the stride frequency was higher (p = .009, ESF = 0.95) but
stride length was significantly shorter (p = .007, ESF = 1).
Regarding the shoe-time interaction, there were signifi-
cant differences between MS and CS in terms of stride
frequency (T5: p = .040; T15: p = .046; T20: p = .015; T25:
p = .009; T30: p = .003), and the effect size wasmoderate at
minutes 5, 15, and 20 and high at minutes 25 and 30.
There were also statistically significant differences in the
stride length at 5, 15, 20, 25, and 30 minutes (T5: p = .037;
T15: p = .042; T20: p = .11; T25: p = .008; T30: p = .002),
although the effect size was small.
Regarding the effect these footwear types had on the
different impact variables, the peak tibial acceleration
tended to be higher with MS (p = .025, ESF = 0.77), but
was also significant at several time points for CS (T5:
p = .013; T10: p = .033; T20: p = .013; T25: p = .046;
Figure 2a), although in the latter, the effect size was only
satisfied at minute 5. The tibia acceleration magnitude was
also higher withMS (p = .013, Figure 2b) and, although the
shoe-time interaction was significant at all the timepoints,
the established effect size was only met at minute 5.
A similar pattern was observed for the tibia and head
rate (Figure 2c), which was significantly higher with MS
compared to CS (p = .012, ESF = 0.904 versus p = .001,
ESF = 1.38, respectively). The shoe-time interaction for
the tibia to head rate was significant at all the timepoints,
Figure 1. Spatio-temporal variables (stride length and frequency) based on shoe type. MS, minimalist shoes; CS, conventional shoes.
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but the effect size was only satisfied at minutes 5, 10, 15,
and 20; the head acceleration showed a significant
(p < .001) and strong effect size at minutes 10, 15, and 30.
Discussion
Themain objective of this study was to analyze the effect of
MS and CS on spatiotemporal stride and acceleration para-
meters in runners experienced in the use of MS. To date,
very few studies have analyzed accelerometry in combina-
tion with the use MS or CS (Chambon, Delattre, Guéguen,
Berton, & Rao, 2014; Lucas-Cuevas, Priego Quesada, et al.,
2016). A large prospective survey study suggested that bare-
foot runners report fewer running injuries compared to
shod runners (Altman & Davis, 2016), however clinical
trials suggest that changing from CS to MS is associated
with increased running injury risk (Fuller et al., 2017; Ryan,
Elashi, Newsham-West, &Taunton, 2014).Moreover,most
previous studies have not analyzed whether the initial foot-
ground contact type is altered by the type of footwear worn
(Altman&Davis, 2012;Daoud et al., 2012; Lieberman et al.,
2010). Despite this, running with MS should not be asso-
ciated only with an FF pattern, nor should the use of CS be
related only to the RF pattern (Nigg & Enders, 2013). In
addition, another important factor may be the extent to
which runners are familiar with the shoe type in use, which
could affect their running technique and thereby modify
their foot-strike pattern (Franklin, Grey, Heneghan,
Bowen, & Li, 2015).
In the present study we controlled runners’ foot-strike
so that it was the same in both the CS and MS conditions
(Nunns et al., 2013). We also assessed the influence of
sustained running duration on these parameters and
assured that the runners were familiar with these shoe
types by recruiting only runners experienced in the use of
both MS and CS (Franklin et al., 2015; Nigg & Enders,
Figure 2. Acceleration variables: tibia and head peak-acceleration (a), Tibia and head foot-strike magnitude (b) Tibia and head ratio
(c) Based on shoe type.* p < .05**Significant effect size (ESF).
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2013). Unlike some other studies that performed tests in
laboratories (García-Pérez et al., 2014) we recorded our
data in the open air and used an extended long-diatnce
running protocol (Bigelow, Elvin, Elvin, & Arnoczky,
2013; Derrick et al., 2002) to try to replicate runners’ ‘real-
world’ experiences, as far as possible.
Our results showed that, compared to MS, the magni-
tude and maximum peak tibia acceleration and tibia to
head acceleration rate were lower when CS were used,
even when the initial foot-ground strike pattern was the
same between runners. Therefore our results provide evi-
dence that, compared toMS, CS reduce the impacts accel-
eration produced while running. However, we found no
evidence that running for sustained periods, using either
footwear condition, resulted in higher impacts accelera-
tion in any of the study variables. Running for extended
periods appeared to affect either of the spatiotemporal
variables, in linewith other studies inwhich reduced stride
length and increased stride frequency were observed in
fatigued runners (Girard, Millet, Slawinski, Racinais, &
Micallef, 2013; Kasmer, Ketchum, & Liu, 2014), more
significant differences between these two shoe types did
emerge by minutes 25 and 30.
In agreement with other studies which showed that
runners reduce their step length (our study 2.12 m MS vs
2.17 m CS/Bonacci 3.00 m MS vs 3.04 m CS/Squadrone
2015 2.29 m MS vs 2.34 m CS) and increase their stride
frequency to maintain their running speed when using
MS or running barefoot (our study 96.6 stride/m MS vs
94,2 stride/m CS/Bonacci 183.9 stride/m MS vs 181.9
stride/m CS/Squadrone 2015 85.4 stride/m MS vs 83.4
stride/m CS) (Bonacci et al., 2013; De Wit et al., 2000;
Divert et al., 2005, 2008; Lucas-Cuevas, Priego Quesada,
et al., 2016; McCallion et al., 2014; Squadrone & Gallozzi,
2009; Squadrone et al., 2015), our results show that the
type of footwear used directly affected the spatiotemporal
variables (stride frequency and length of our participants).
Thus, stride length is decreased to reduce the impact
forces experienced with MS; leading to a better impact
attenuation which is absorbed, to a large extent, by the
musculoskeletal system. (Derrick et al., 2002; Squadrone
& Gallozzi, 2009; Squadrone et al., 2015).
The mass of the shoe used can also influence stride
frequency while running because this variable decreases
with increasing foot mass (Divert et al., 2008), thus it is
logical that this variable would increase with the use of MS.
In relation to the impact severity, Derrick et al. (Derrick
et al., 2002) found that greater knee flexion at the moment
of initial foot-strike contact with the ground effectively
decreases limb mass and thus, decreases the impact forces
and increases the peak tibial acceleration. Thus, we
hypothesize that the decrease in the effective mass among
runners using MS with respect to those using CS (MS <
effective mass < CS) may result in an increase the tibial
acceleration peaks (Derrick et al., 2002), which would con-
cur with our finding that these values were higher among
runners who wore MS during our study. In this sense,
Lucas-Cuevas, Priego Quesada, et al. (2016) also found
that the maximum tibial acceleration peak was higher
while RF strikers ran barefoot, even when the participants
had no previous experience with barefoot or MS running.
To the best of our knowledge, only one published study
considered effective mass and used the same footwear con-
ditions (MS versus CS) as in our study (Chambon et al.,
2014), although it did not consider the participants’ level of
experience with minimalist footwear or sustained running
durations. Thismight explain why, in contrast to our study,
they did not find any difference in the peak acceleration or
tibial acceleration rate between these footwear types. In line
with other studies, we did not observe any alterations in the
maximum peak acceleration between the standard and
extended running-period conditions; thus, the magnitude
of the impact accelerationwas higher with the use ofMS. In
this sense, Lucas-Cuevas, Priego Quesada, et al. (2016)
showed that this peakwas increased in unexperienced bare-
foot runners compared those wearing CS, resulting in an
increased risk of some types of impact injury, including
lower-extremity stress fractures.
No significant differences were observed in the head-
acceleration magnitude, but attenuation was higher with
the use ofMS (Figure 3). Thismay be an important because
the aforementioned impact transfer must be attenuated to
prevent excessive head deceleration from affecting the ves-
tibular and visual systems; this could be influenced by
factors such as plantar fat deformation, sports shoe type,
the use of plantar supports or compression stockings
(Lucas-Cuevas et al., 2015; O’Leary, Vorpahl, &
Heiderscheit, 2008), runner speed (Mercer et al., 2002),
running surface (García-Pérez et al., 2014), stride length,
and the behavior of the osteo-articular and muscle-
ligamentous structures of the body (Flynn, Holmes, &
Andrews, 2004; Gruber et al., 2014; Mercer et al., 2002).
Finally, some controversy remains regarding the
attenuation variable in relation to the presence of fatigue.
In contrast to the study by Derrick et al., Mercer et al. and
Clansey et al. (Clansey et al., 2012; Derrick et al., 2002;
Mercer et al., 2002) observed that fatigue decreased
attenuation, although this condition did not affect the tibial
acceleration peaks. This could be because increased fatigue
decreased these participants’ ability to absorb the impacts
produced by running, thus increasing the risk of overload
injuries including stress fractures or osteoarthritis.
Furthermore, our results showed an increase in the head
to tibial acceleration rate with the use of MS. Lucas-
Cuevas, Priego Quesada, et al. (2016) showed a decrease
in these values among runners who wore footwear,
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although this change was seen only at the tibial level. This
suggests that the increased load-transmission speed
observed with MS or barefoot running could result in
a higher incidence of musculoskeletal system injury
(Fuller et al., 2017; Ryan et al., 2014).
The main limitation of this study was the difficulty in
finding a larger sample of active runners experienced in the
use of MS. Moreover, although our experimental design
required the participation of MS runners, these types of
participants are also inherently limited because they are
adapted to minimalist running. In conclusion, accounting
for the same initial ground-contact foot-strike pattern
among runners using both the CS and MS footwear, our
results show that the impact acceleration magnitudes are
higher among runners in the MS condition. In addition,
this difference remained, regardless of runners’ state of
fatigue during the sustained extended-running protocol.
“What does this article add?”: This work contributes to
the body of scientific evidence related to the use of
minimalist footwear and its effect on deceleration and
impact transmission from the foot to the head. It also
tries to avoid biases found in other similar studies by
examining runners whowere very experienced in running
wearing minimalist footwear and by controlling the run-
ners’ initial ground foot-strike pattern when analyzing the
results from both footwear types. It is also worth noting
the environmental factor in this study because we col-
lected all our data outside of the laboratory in order to
simulate the real-world conditions in which amateur
runners undertake their activities.
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